Obstructive sleep apnea (OSA) increases risk of dementia, a relationship that may be mediated by amyloid-β (Aβ) and downstream Alzheimer disease pathology. We previously showed that OSA may impair Aβ clearance and affect the relationship between slow wave activity (SWA) and Aβ. In this study, SWA and CSF Aβ were measured in participants with OSA before and 1 to 4 months after treatment. OSA treatment increased SWA, and SWA was significantly correlated with lower Aβ after treatment. Greater improvement in OSA was associated with greater decreases in Aβ. We propose a model whereby OSA treatment may affect both Aβ release and clearance. ANN NEUROL 2019; 85:291-295 O bstructive sleep apnea (OSA) is a highly prevalent sleep disorder in which airway blockage during sleep causes hypoxemia, frequent arousals, and other downstream effects. OSA increases risk of dementia and cognitive decline, [1] [2] [3] suggesting that OSA may promote Alzheimer disease (AD) pathogenesis. The effect of sleep on soluble amyloid-β (Aβ) may mechanistically link sleep disorders with AD. Sleep deprivation increases Aβ levels, primarily through increased release of Aβ by neurons into the interstitial fluid (ISF). 4, 5 Preliminary studies suggest slow wave activity (SWA) may modulate soluble Aβ; selective SWA deprivation increases Aβ, 6 whereas partial sleep deprivation with preserved SWA does not affect Aβ. Cross-sectionally, in the normal population, increased SWA is associated with lower Aβ levels. 8, 9 Although insoluble amyloid plaques in AD exert a "sink" effect causing abnormally low soluble Aβ42 levels, 10, 11 prior to any plaques, higher soluble Aβ levels increase risk of amyloid plaque formation. 12 Herein, we focus on Aβ levels during midlife prior to AD pathology, when theoretically lower Aβ indicates lower risk of developing AD pathology. We previously found that SWA is decreased in moderate-to-severe OSA, yet Aβ is decreased compared to people without OSA, and there is no association between Aβ and SWA. 8 Other groups have shown reduced SWA and abnormal dissipation of SWA overnight in mild OSA. 13 We found that other central nervous system (CNS)-derived proteins were decreased in the cerebrospinal fluid (CSF), suggesting there was reduced clearance from the ISF to the CSF. 8 The glymphatic system facilitates clearance from the ISF to CSF 14 and is affected by pulsations related to respiration, 15 and we hypothesized that the pressure fluctuations during apneas and secondary effects on venous drainage impede normal glymphatic clearance in OSA. Subsequently, another group has also found decreased Aβ levels in OSA. 16 Decreased clearance of Aβ would to lead to increased ISF Aβ, which over time hypothetically increases risk of amyloid plaques and subsequent AD pathology.
12
In this study, we examined the effect of treatment of OSA on Aβ and SWA.
Subjects and Methods

Participants
Participants from the Saint Louis, Missouri community were included if they were 35 to 65 years old, had body mass index (BMI) 18 to 40 kg/m 2 , had no subjective cognitive decline,
reported sleeping "about the same" or "slightly worse" in unfamiliar situations, and reported sleep periods from 8 PM-midnight to 4 AM-8 AM. Exclusion criteria were other sleep disorders, prior OSA treatment, comorbidities except hypertension, neuroactive medications, alcohol consumption >14 drinks/wk, and MiniMental Status Examination score < 27. Participants provided informed, written consent.
Obstructive Sleep Apnea
Participants underwent a polysomnogram using standard criteria. 17 Hypopneas were defined as decrease in airflow with ≥4%
desaturation. The apnea-hypopnea index (AHI) determined whether a participant had mild OSA (AHI = 5-15) or moderateto-severe OSA (AHI ≥ 15). Participants with ≥15 periodic limb movements per hour were excluded. Participants were provided autotitrating positive airway pressure (PAP) machines (REMstar Auto; Philips Respironics, Murrysville, PA) set at 4 to 20cmH 2 O. Following usage for ≥2 weeks, settings were changed to continuous PAP at the 90th percentile delivered pressure. For participants (n = 3) with difficulty tolerating continuous PAP, the mode was reverted to autotitrating, with the range set from the median to the 90th percentile pressures from the initial autotitrating period. One participant sought clinical care and underwent polysomnogram for PAP titration, and continued in this study using the identified optimal PAP pressure. Participants had up to 4 months to demonstrate adherence to PAP, defined as usage ≥4 hours on ≥70% of 30 preceding nights recorded by PAP machine. The interval between polysomnograms was 1 to 4 months. Mean AE standard deviation is shown with probability value for paired t test between pre-and post-treatment conditions. a Not normally distributed variables. Median AE interquartile range is shown. Probability value is for Wilcoxon signed rank test between pre-and posttreatment conditions. b Statistically significant. AHI = apnea-hypopnea index; CSF = cerebrospinal fluid; OSA = obstructive sleep apnea; REM = rapid eye movement.
Cerebrospinal Fluid
CSF was obtained by lumbar puncture at 9:30 to 10 AM following polysomnograms, and Aβ40, Aβ42, total tau, and total protein levels were assessed as previously described. 8 Individuals (n = 4) with abnormally low Aβ42 levels (<608 pg/ml) indicating amyloid plaques were excluded from analyses of Aβ40 or Aβ42.
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Slow Wave Activity SWA was quantified by electroencephalographic spectral power in the delta (0.5-4 Hz) frequencies, averaged during non-rapid eye movement sleep.
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Statistical Analysis 
Results
Of 35 participants with OSA, 18 were adherent to PAP and completed the study. OSA severity was mild in 7 and moderate-to-severe in 11. Participants were 56.9 AE 8.3 years old on average, 67% (n = 12) were male, and 72% (n = 13) were Caucasian. BMI was 30.4 AE 4.6 kg/m 2 , and 28% (n = 5) reported having hypertension. Final PAP settings were 9.2 AE 2.0 to 9.7 AE 2.2cmH 2 O. Participants used PAP for >4 hours on 88 AE 12% of nights during the 30 days preceding the second polysomnogram for 6:18 AE 0:57 hours per night. PAP treatment was effective, as shown by normalized AHI and decreased time in hypoxemia. Although total sleep time and sleep efficiency did not change, SWA increased after treatment, there was a shift of sleep time from light N1 sleep to deeper N3 sleep, and the frequency of arousals decreased (Table 1) .
Prior to PAP, there was no statistically significant correlation between SWA and Aβ that is seen in normal individuals (Fig 1A, C) . After PAP treatment, we found a significant negative correlation between SWA and Aβ, whereby higher SWA is significantly correlated with lower Aβ (see Fig 1B, D) . Tau and total protein were not associated with SWA before or after PAP.
As a group, there was no significant change in Aβ with PAP treatment (see Table 1 ). We performed correlational analyses between the degree of OSA improvement and the degree of change in Aβ and other proteins. We found that greater improvement in OSA was associated with greater decrease in Aβ40 and Aβ42 (Fig 2A-D) . Additionally, we found that change in tau negatively correlated with OSA improvement, but there was no such relationship with total protein (see Fig 2E-H) . Notably, we observed that participants who had a small improvement in OSA had increases in Aβ40, Aβ42, and tau.
Discussion
We found that treatment of OSA was associated with increased SWA, and that after PAP treatment, there was a negative association between SWA and Aβ as described in normal individuals. We previously described a lack of association between SWA and Aβ in moderate-severe OSA, 8 and here we found the same after including participants with mild OSA. Because our participants had objectively confirmed high adherence to treatment for 1 to 4 months, we believe the elevation in SWA is sustained and not due to "first night" treatment rebound effects. Greater improvement in OSA was associated with more decrease in Aβ and tau; however, participants with minimal improvement in OSA had increased Aβ and tau. In combination with our prior finding that CNS-derived proteins are decreased in moderate-severe OSA, 8 we propose a 2-factor model for the relationship between OSA and Aβ (see Fig 2I) . Due to decreased SWA, there would be relatively increased release of Aβ into the ISF. However, as OSA severity worsens, pressure effects of obstructive respiratory events impede the clearance of Aβ and tau out of the interstitial space, resulting in lower levels in the CSF and an inverse U-shaped curve. In this model, a small improvement in OSA may result in an increase in Aβ or tau, whereas a larger improvement in OSA-that ameliorates both SWA and clearance mechanisms-will result in a decrease in Aβ and tau. The inverse U-shaped curve is expected in the lumbar CSF, whereas it is hypothesized that Aβ would be increased in the ISF for all severities of OSA. Strengths of our study include carefully selected participants, outstanding PAP adherence at effective settings, and intraindividual analyses to maximize power. Our study is the first to examine the effect of OSA treatment on SWA and Aβ levels in individuals without AD. A single case report described the reversal of AD biomarkers with OSA treatment. 19 We tested individuals without any AD pathology as assessed by CSF Aβ42, a highly sensitive biomarker of amyloid plaques. 11 This means our study findings can be extrapolated to the large population of people with OSA, many of whom are middle-aged or younger, and have many years to accrue benefit from AD risk reduction. Due to the study design, untreated participants were excluded; therefore, the trajectory of Aβ and tau in untreated OSA is unknown, nor can we determine whether our findings are attributable to the "first night" effect during the first polysomnogram. Therefore, we are unable to draw a causal inference from our findings. Hypoxia may separately affect Aβ release and clearance. However, because changes in arousals, hypoxemia, and With increasing arousals and sleep disruption related to OSA, SWA decreases; this leads to increased Aβ release into the interstitial space (red arrow). However, with worsening OSA severity, there is reduced glymphatic clearance from the interstitial fluid (ISF) to CSF, due to abnormal pressure fluctuations during obstructive respiratory events (blue arrows). The combination of these two effects is hypothesized to result in an inverse U-shape of Aβ in the CSF with increasing OSA severity (purple curve). The black arrows illustrate the direction of change in CSF Aβ following treatment of OSA. If OSA is improved to a small degree (solid black arrow), CSF Aβ levels may increase, whereas if OSA is improved to a large degree (dashed black arrow), CSF Aβ may decrease. SWA = slow wave activity.
AHI were highly correlated, we could not separate any individual effects of changing these variables, particularly due to the small dataset.
In summary, we found that PAP treatment for OSA was associated with increased SWA, higher SWA was correlated with lower Aβ, and greater improvement in OSA was associated with greater decreases in Aβ and tau levels. The effect of OSA on SWA and Aβ-and possibly tauis a probable proximal step in a cascade whereby OSA increases the risk of AD. Furthermore, once amyloid plaques are present, OSA is associated with accelerated increase in plaque burden longitudinally. 20 Given the high prevalence of OSA, if the effects on Aβ could be mitigated with treatment, improving OSA diagnosis and treatment could potentially reduce AD risk on a broad scale.
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